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ABSTRACT

Most of the analysis in this period has dealt with use of

metastable nitrogen molecules as the active medium 1or a trans-
former laser to be pumped by a battery of Nd glass auxiliary lasers.
It was corciuded that such a medium would be operable, but that
adequate data are not at hand to produce optimism on reaching maxi-
mum output puise energy densities in the witrogen greater than the
region of one joule/ cm3, with sarisfactory maintenance of optical

beam quality.

An extension of previous analysis on a similar use of CN
molecules indicates that this medium might be expected to yield

satisfactory outputs around one joule/ cm3 or somewhat greater,

From the meager information available today, it appears that
diatomic cesium molecules might possibly surpass CN and constitute

the best medium for transformer action with Nd glass laser pumping.

An experimental attack on some of the many remaining unknowns
regarding Csz is now underway, and first preliminary tes:ts are
reported.

A beginning has been made toward mathematical spatial

analysis of the higli powcr flux patterns to be expected within a

heavily pumped transformer medium.
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1. INTRODUCTION

The first Technical Summary Report of this series, GPL Division's
Report GPL A-31-1, dated 17 May 1965, with the same title as the
present report, described the background of the work here continued
and contained numerous details of the spectroscopic principles involved
in the transformer laser concept being studied. This material will not be
repeated; the discussion in this report will presume a knowledge of the
presentation in GPL A-31-1.*

The transformer laser concept is an arrangement proposed for com-
bining the outputs of numerous auxiliary lasers,which do not need to he in

phase, and which do not need to be of the best optical quality, into a single

coherent diffraction-limited beam containing a power close to the sum of
the auxiliary laser output powers. This is to be done by absorption of

the pumping laser beams by the molecules of a transformer gas medium,
in such a manner that inversion occurs and the gas re-eniits most of the

absorbed energy as a single new laser beam.

GPL A-31-1 mentioned 4 number of possible ccmbinations of types
of auxiliary pumping lasers and transformer gas media; however, it was
largely concerned with a study of CN monomer gas molecules pumped Ly a
battery of Nd glass lasers, for re-emission oi a coherent beam in the

neighborhood of 1. 06u.

* That report now carries the Dept. of Defense document number AD-618896.

It is available to the public through the Office of Technical Services of the
U.S. Dept. of Commerce.
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Much of the present report will de2l with the possibility of using

N,: A metastable nitrogen molecules as the transformer medium, for
il 4}

pumping with a group of Nd glass lasers.

Then, following a comparison of tiie present state of information
on tie use of CN and Nz' A, this report will briefly consider the use
of diatomic alkali molecules such as Cs2 as transformer media, with the

same pumping arrangement.
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Figure 1. The lower electronic levels and transitions of the N, molecule. Lasers
have already been cperated on the transitions markéd L. The lowest
vibrgtion states of the four levels shown with heavy lines are metastable.
The level has not yet been definitely observed. The location shown is

princip-lly from theory. If mbc should actually lie above B, its lowest
vibrational stat=s would not be metastable.
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2. g%E LOWER ELECTRONIC STATES AND OPTICAL TRANSITIONS
N
—_—2

2.1 Electronic States and Selection Rules

Figure 1 displays what are believed to be all of the electronic
states of N2 lying below the first lissociation limit of the molecule.
Both 52+g and 3Au have been located only by inference ; neither has yet
been observed directly.* Theory indicates that probably no others
remain undiscovered below 75, 000 cm-l, although numerous additional

electronic states of the neutral nitrogen molecule lie at higlier energies.

The latest value for the first dissociation limit of NZ’ from Tilford and

Wilkinson (1964), is 78,737 g

Unexcited nitrogen molecules will absorb in four ultraviolet
band systems involving levels of this group. However, as shown inthe
diagram, these are all forbidden transitions, so the bands are rather
weak. Several meter-atmospheres of N2 are needed in the beam path
for their detection. The (A - X) system constitutes the Vegard-Kaplan
hands, and it lies principally in the region from 15004 to around 35008,
although some of its emission bands extend into the visible. Only the

(6,0) and (7, 0) bands near 17004, measured by Wilkinson (1959) at

about 10m-atm path, have been seen in absorption so far. No (Be X)
system has yet been observed; presumably it is extremely weak. Some

of the (B’-— X) system has been seen in absorption by Wilkinson (1962)

* Gilmore (1965) has most recently cumulated the existing information.
The theoretical basis is chiefy by Mulliken (1957). The exact location of the
3A state is especially uncertain. However, It seems reasonable that
whether it actually lies above or below state B, it is not separated from that
state by more than perhaps 2000 em-1, (See the Bibliography for citations
of all references indicated in this report by author's name and date. )

3
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in the range 1500 — 13004, In emission it is more extended.
The (a ~ X) and a’/ — X) systems have locations similar to (B’-— ).

All of these systems were observed {irst in eriission from discharge tubes.

The Nz* A state, a. well as three others shown in the diagram,
are radiatively metastable — at least in their lower vibrational and
rotational levels. The spontaneous radiative lifetime of NZ- A is believed
to be at least 1 sec. DNetails on this point will be presented in a laier

section.

The very well known Ny (B - A) bands are called, for historical
reasons, the First Positive System of nitrogen. These bands are emitted
rather strongly from many types of discharges, with the radiative lifetime
of NZ- B being about 10 microseconds. Whenever a large enough concentration
of N2°A can be made, by some means, the lst Pos. bands can be scen
in absorption. This was first accomplished by Carleton and Oldenberg (1962)

wl ) created a steady-state population of about 1011 NZ-A molecules/ cm3

in a discharge tube. At appreciable N2° A population densities, somc of the
1st Pos. bands could absorb Nd glass laser light near 1. 06y, as will bhe shown

in the next section.

Two other ailowed transitions indicated on the diagram have been
observed only in emission, since conditions have not yet been found for

building up laxrge concentrations in the lower levels.
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As shown at the right in Figure 1. the electronic selection rules
allow several other transitions which have not as yet been seen. Potentially,
the most impor'ant of these for a laser transformer could be the (B/f— B)
system i1 absorption. If primary preparation of Nz- A molecules followed
by Nd glass laser ' imping in (B - A) should produce a hcavy population

of N2- B, these molecules might then absorb a second Nd laser light gquantum,

and be excited (o Nz’ B/ - thus being at least temporarily removed from
any (B ~A) pump-lase cycle. However, the (_B/—B) b nds are rather weak

when observed in emission with usual methods of excitation.

2.2 Potential Curves and the Transitions near 1. 06y

Figure 2 gives the most recent informatiun onthe potential
energy curves ai.d a few of the known vibrational levels of these low iying

electronic states of nitrogen. as surveyed by Gilmore (1965).

It is apparent from the Franck-Condon principle why unexcited
nitrogen gas at room temperature or below absorbs from the (A - X) system
only the (6, 0) and (7, 0) bards with appreciabie intensity — together with
probably a few others cof the same sequence at stili shorter wavelengths,
not yet investigated. This arises from the considerable difference in
average internuclear separation between the A state and the X state.

Since the vibrational spacing in N2'X is over 2000 cm-l, practically

all the ground state molecules wili be in (v = 0; ai these tcmperatures.
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Let us now ask which bands of the (B - A) system fall within the
possible wavelength range of Nd laser light emission. Table 1 gives the
locations of the P1 heads of ali bands involving the first 12 upper anrd

lower vibration states* as either measured or calculated by Dieke and

Heath (1959). The band head terminology and rotational structure will be

discussed in a following section. It will be shown there that the most
intense part of each band extends about 100 cm-1 toward increasing
wavenumbers from the P1 head. i igure 3 displays such approximate
locations, as well as the relative intensities quoted by Dieke and Heath

for emission spectra with conventional discharge tube excitation, for all

of these bands falling within the Nd glass fluoresce.ce region, in the manner

of Figure 11 in Report GPL A-31-1.

In order to indicate possible effects from absorption of a second
Nd light quantum in the (B/ ~ B) transition, the more intease bards of this
system expected to fall within the Nd emission region are also plotted in
Figure 3. The molecular constants of the B’ state have been determined

with high precision by Tilford, Vanderslice,and Wilkinson (1965), and those

of the B state with similar precision by Dieke and Heath (1959). The detailed

structures of these(B/— B) bands have not been computed in the present
contract work, but the band origins were located quite simply by subtraction

between the two se.s of first 12 vibrational levels, The band origins will lie

* Nitrogen molecules placed in (v =13) or slightly higher vibrational levels of
N, B, or in very high rotation levels of (v = 12), are known to have a rather
strong tendency toward dissociation of the molecule upon subsequent collisions.
Dieke and Heath summarize the evideni:e on this matter.
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very close to the P, heads. From the pnctographs of several (B’— B)

bands in the deep red region given by LeBlanc, Tanaka, and Jursa (1958),

the most intense region of each band may be taken to stretch about 130 cm-1

toward decreasing wave-numbers from the ]?1 head. The experimental
wave-numbers given for the heads by these latter authors agree with the
band origins calculated here for corresponding bands to within 15 cm-l.

The relative intensity estimates in (B"— B) were made from the appearance
of the potential curves of the two states in Figure 2, in light of the Franck-
Condon principle, and by comparison with LeBlanc, Tanaka, and Jursa's
intensities for the deep red bands. The weak band at the bottom of Figure

3 represents a transition near 1. U5y wnere the B vibrational level lies above
the B/ vibrational level.

2.3 Possible Pumping and Lasing Bards

The most obvious place to try to set up a pump-lase transformei
cycle would seem to be in the (0, 0) band o1 N, (B - A). This is the strongest
avaiiable band of its system, and it lies very close to the wave-number regicn

fer which the most efficient Nd glass lasing mode has already been explored.

One potential drawback to the use of the (0, 0) band is that probably
considerable numbers oif Nz- B molecules in {v = 0) would absorb a

secouu Nd quantum to populate (v = 2) of Nz' B’ Of potentially greater

- - . eI LI PURUPRRPL P S
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importance is that lasing witnin the transformer might be hindered by

absorption of emitted quanta in the (B’*—B) (2,0) transition.

Another drawback might be that it would probably not be practical
to "prepare' a sufficient population of nitrogen molecules in (v = 0) of
N2- A before the power {lash by simply irradiating nitrogen gas with a flash
of ultraviolet light. The (0, 0) Vegard-Kaplan absorption band must be
extremely weak in nitrogen gas at practical temperatures. Probably it would
be best to raise molecules to N2° A (v = 0) by collisions with other atoms
or molecules which had themselves been raised to an excited level near
50, 000 cm-1 through absorption of a preparatory UV flash in a strongly

allowed transition. Possibilities for such an arrangement have not yet

been explored under this contract.

The next most obvious place* for a pump-lase cycle would be in the
(4,5) band. This band is weaker than (0, 0) by about a factor of 13, but it
occurs equally close to the best known region {or Nd glass lasing. Although
the (5, 0) Vegard-Kaplan band surely is less intense than the known (6, 0)
and (7, 0) bands, it might prove adequate for creating N2-A (v = 5) niolecules,
if an intense preparatory flash in its region around 17768 could be used.
Figure 3 indicates that no anpreciable numbers of N2' B ( v = 4) molecules

could reach tne B’ state by absorption of a second Nd laser light quantum.

¥ One is restricted to the 1st Pos. bands for the main power cycle, in the simplest
cases at least. If the main Nd laser pumping wavelength was instead placed at one

of the (B~ B) bards, with previous preparation of the molecules by absorption of

UV light in one of the (B — X) bands, an adequate B population could not be maintained
in the face of B to A leakage by fluorescence — unless simultaneous (B/— B) and

(B— A) pump-lase transformer cycles were being operated.
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The (&, 6) band of (B~ A) is of about the same strength as the (4, 5)
although less advantageously placed with respect to the Nd emission.
Nitrogen molecules in Nz' A (v = 6) could be prepared by an ultraviolet
flash in the known V-K band. However, second Nd quantum absorption
and lasing light absorption would certainly be present raising considerable
numbers of molecules into (v = 8) of N, B. I may be noted that nitrogen
mole- es in (v = 9) and slightly higher vibraticnal levels of B/ are known
to have a rather strong tendency toward dissociation of the molecule

upon subsequent collisions. ( Bayes and Kistiakowsky. (1960),

Absorption in the (B/ - B) bands would cause no real trouble
if these transitions could be expected to either {a) saturate after the
first few microseconds in a very high flux environment, or(b) set up their
own parallel pump-lase cycles. One of these alternatives would certainly
occur if only optical transitions were involved. However, at any time when
consideravle numbers of n. rogen molecules are in vibration levels above
(v = 0) in any one of the electronic states. the phenomenon of vibrational
exchange upon collision between molecules will produce a distribution
of population over many other vibrational levels adjacent to the original
one=. In order t~ reduce the prcobabilities for vibrational exchange, the
transformer medium should probably be operated at as low a temperature

as possible — or about 80°K in this case of nitrogen. Another process
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tending to diffuse the populatinons occurs whenever meiccules are placed

in any level higher than N2~ B (v = 0) There is then a quite appreciable

probability for coilisio.s to transfer a molecule to one of the other nearby

electronic states. Such a process might cccur even for Nz- B (v=0)

if 3.% actually falls as low as is sketched in Figure 2. Thirdly, even when
cycling wholly within the (0,0) band. fluorescence downward from N,- B
(v = 0) will always produce appreciable concentrations in N- A2 vibration

levels as high as at least (v = 3),as may be seen irom Table 1.

The complexities resulting from this spreading out of the populations,
although not necessarily deleterious for the transformer laser, cannot be
analyzed in advance.with our present incomplete knowledge of the many

collision parameters involved.

Table 1 shows that molecular refrigeration based on the center of gravity
of fluorescence falling at shorter wavelength than the pumping light will not
be available when operating a cycle within the {0, 0) band, although it wou'd be
when operating on the (4, 5) band. However, broadening of the vibrational
population distribution. as a result of vibratinnal exchange collisions or
collisions populating other electronic states. could easily alter the center

of gravity of the total fluorescence.

Of course, all of the above discussion is predicated on an assumption

/
that molecules once placed in N, A or N,  B,or perhaps N,- B or the other

2 2 2

g ™ had -
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excited states, will not be forced back to the ground state too frequently by
any of the collision processes. Discussion of this basic assumption,
that the quenching rate is tolerable, is postponed.to a later section of

this report.

In summary, sufficient experiniental data are not available yet to
decide which band of the nitrogen First Positive System might provide the
best transformer arrangement for pumping with Nd glass lasers. However,
as a typical example, the properties of the (0, 0) band of this system will be

considered in the next sections.
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3. STRUCTURE OF THE NITROGEN FIRST POSITIVE BANDS.

3.1 Rotational Leveis of N, A(v = 0)

2

The first excitzd electronic state A of ithe nitrogen molecule

is a 3}3+u state. As with all ¥ states, N,- A follows Hund's coupling case

2
(b) with the quantum number K taking all integral values from zero upward,
within each vibrationai state. * The lowest level, with K = 0, is always

single and has total angular momentum vector J = 1. Each higher K-value

corresponds to a very close triplet of levels having J = K- 1, K, and K+ 1

respectively.

For each vibrational state the members of the triplets with J = K
form a series whose energies approximately follow the usual simple formula.

In the vibrational state (v = 0) with values of K =2 1 this is

(v=0)= ByK(K+ 1) - DK K+ 1%+ - - -

Fi-k 0

for which Dieke and Heath (1959) determined the value B, = 1, 4457 cm-1 and

0
accepted the value D0 = 5.84 x 10—6 cm-1 from Carroll (1952), Approximate

theoretical formulas for the separations among the ''spin triplets' are given

* Some recent authors use the symbol N, instead of K, for this quantum
number.

16




in Herzberg's boonk. *

Dieke and Heath's experimental levels up to K = 20 for (v = 0) are
shown ... ¢igure 4. The experimental spin triplet separ.tions, being
less than 3 cm™ > everywhere, are too small to illustrate in this Figure,
although the order in which the J-values were found to occur energetically
is indicated. The(+, -) and (a,s) symmetry characters of the levels are also
marked on the diagram. In any g 2: electronic state of a homonuclear
diatomic molecule, rotational levels of even K have the symmetry characters

+ and a, with the reverse for levels of odd K.

3.2 Rotational Levels of N2- B(v = 0)

The secuad excited electronic state B of the nitrogen molecule

is a 3IIg state. At high rotation levels ti.is state also follows Hund's
coupiing case (L), with the quantum number i\ taking on integral values.
For each K there occurs J = K-1, =K, and J = K+ 1, ith separations
between them of the order of 15 cm™ ! or less. Finaily, each one of these
three is a close A-type doublet, as is true ior all electronic II states.
The A-doubling amounts to less than 3 cm'1 separation, except for very
high rctation levels. Figure 5 showsthe energy levelas high as K= 16
for the vibrational state (v = 0) as found by Dieke and Heath, with the

A-doubling being indicated only schematically.

*

G. Herzberg, '""Molecular Spectra and Molecular Structure. I Spectra
of Diafomic ﬁolecules", Van Nostrand, 2nd ed., 1950. This standard
rcference will be referred to throughout this report simply as '"Herzberg's
book". 17
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Dotted levels are estimated locations not measured experimentally by Dieke

and Heath.
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At low rotation levels, below the rcighborhood of ahout K= 11, the

state goes over to Hund's coupling case (a), where K loses its physical
meaning and is no longer a good quantum number. The levels of various
J-values, each still a A-doublet, regroup themselves energeticaliy into
three sequences, to which may be assigned the labels 3110, 3111, and

3H2. This gradual change in the level pattern upon going toward lower
energies is apparent in Figure 5. In each of these sequences the

minimum value of J is equal to the subscript in the sequence label.

Herzberg's book describes the rather complex approximate theoretical
formulas which have been derived o represent the energy values of such
asystem of 3H levels. The only simple relationship which is reasonably
exact is that the center of gravity of all six levels belonging to any one value

of J = 2 is given for all rotations by
B(6J(J+1)- 2]+ const.

From their experimental levels, Dieke and Heath derived the value

B0 =1,62849 cm'1 in this formula, for the (v = 0) vibrational state.

It wili be convenient in distinguishing the spectrum lines later, to
extend the numeration of levels by K-values in a smooth sequeace down into
the low rotation regime, even though K is not a good quantum number there
and has no physical meaning. Such level labels have been applied in

Figure 5.

20
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In every 311 electronic state, the iwe components of each A-type
doublet will have opposite = symmetry characters. ™ some such molecular

states all levels of even J may h.ave their plus A-~components lying lower

energetically than their minus A-components, and vice versa for levels of
odd J. In other 3[1 molecular levels these relations are reversed. Dieke
and Heath found the former situation in Nz° B, as indicated in the diagram.
For all 3Hg in homonuclear molecules, the + levels also carry the symmetry

character S.

3.3 The Rotational Branches of the I\& (B— A) Bands

For a given vibrational transition, such as in the (0, 0) band,
the rotational selection rules allow in principle any optical transition which
(a) has AJ = £ 1 or 0, with the transition J = 0 to J = 0 being forbidden, (b)
combines a + with a - level, and (c) combines an s with an s level, or an a
with an a level. Inspection of the level diagrams already given for the 311

and 32 states of nitrogen will show that the multitude of possible transitions

allowed by these rules may be organized into 27 different classes. Figure 6 shows

the labelling system adopted by Dieke and Heath to define these 27 branches of a
rotation-vibration band in the N, (B - A) system*. Within each branch, Dieke

and Heath label each spectrum line by the K-value of its lower level. We will

write these K-values of the labels in parentheses — as for the Q23 (10) tine of

the (0, 0) band.

x
Herzberg's book, and some other authoirs, use a different nomenclature
for the branches and lines of a 31 — 3% band.

21
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Approximate theoretical intensity relations among the lines of the
various branches are discussed in Herzberg's book, for conventional
methods of excitation. In the low rotation region,lines of all 27 branches
are usually observable under most experimental conditions. However,
at high rotations where K is a good quantum number, there is no appreciable
intensity except in lines following additional selection rules involving AK.
These have the effect of permitting observable intensity for the high

rotation lines of only those branches with a single subscript in their label

in Figure 6.

Since le4 is a homonuclear molecule, symmetry relations will cause
adjacent lines in every branch to be alternately weak and strong — under
conventional means of excitation in naturally occurring nitrogen gas.

The usual approximate neighboring intensity is 2:1 and the lines labelled by
odd, K-values in parentheses are the strong ones. The strong lines are
transitions between two levels of s symmetry. The weak lines are traasitions

between two levels of a symmetry.

The actual (0, 0) band of the NZ- (B—A) system has never been
specifically analyzed experimentally, although it has often been observed
at low to moderate resolution. The NZ- B (v=0) and NZ-A (v = 0) level
locations illustrated ir Figures 4 and 5 were deternaned by Dieke and Heath

from other bands involving these vibrational states, such as the (1, 0),

23
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(2,0), and (3, 0) bands of N, (B-- A) and the (0,0) band of the N, (C— B)

2
system. These known ievel positions will permit calculation of wave-
numbers of the (0, 0)lines for Nz' (B—A) by simple subtraction, using the

diagram in Figure 6 as a guide for the selection rules and the labelling.

As a preliminary s.ep, Figure 7 displays a chart of the analogous
(1, 0) band, as constructed directly from Dieke and Heath's tables of measured
wavenumbers. The heights shown for the lines are proportional to Dieke
and Heath's rough estimaies of relative intensity on a 0 to 10 scale, in the
emission spectrum from a low pressure nitrogen discharge tube immersed
in liquid nitrogen. Relative intensities can well be different for other types
of emission or absorption arrangements. At this low gas temperature none

of the rotational branches was observable beyond line (18).

It will be noted that the NZ- (B=A) bands degrade toward the
violet, in contrast to the majority of diatomic molecule bands, which
degradc toward the red. Such an appearance is a consequence of the average
internuclear distance in electronic state B being less than it is in state
A. As aresult, the rotational spacing constants — as BO, for example —
are larger in the upper state than in the lower. The cverse is true for
the majority of band systems of diatomic molecules. as N2- (BI—— B) for

example.

24
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4. LASING POSSIBILITIES IN THE {9.{) BAND AT 80°K

4.1 80°K Boltzmann Rotaticnal Distribution for (v = 0) in NZ' A and N,-B

Collisions of a given nitrogen molecule with ancthc» molecule of any kind,
or with any atom, are known to cause changes in the rotational angular momentuin
of the nitrogen molecule quite readily. Values of J and K are often changed
by several units in each collision,with some rotational energy often going into

or coming from the store of translational energy of the assemblage.

However, it is found that collisions only extremely rarely move a
nitrogen molecule from an s level inio an a level, nr vice versa. A volume
of nitrogen gas bchaves almost as if it were a mixture of two quite separate kinds
of nitrogen. One kind tends to keep allits molecules in rotatir-al levels of s
symmetry, and the other kind teads to keep all its molecules in levels of a
symmetry. The concentration ratio ¢+ the two types in any giveﬁ volume at
a certain moment will depend on the prior history of the gas, but this ratio
will remain almost constant despite collisions or despite the presence of

optical radiation,for a very loug time.

This means that for any one vibrati~nal state of either N2-A or

N,* B, two separate and almost completely non-connected rntational equilibrium

2
population distributions should be calculated -- one for the molecules in levels
of s symmetry, and one for the molecules in levels of a symmetry. In each

case the zero of relative energies is to be taken at the lowest occurring level

26
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of the particular symiiietry being considered for all problems involving times
of milliseconds or less. With the relwutive energy F(JK) of any chosen rotational

level being defined in this way, the fraction of the total molecules of one symmetry

type in the vibrational state which will be in the chosen rotaticnal level, in the

presence of complete rotation-translation equilibrium at gas temperature TK,

is given by the usual Bolizmann formula

-F(JK)hc/kT
n(K) = (2J + 1)e
Z[(ZJ + e -F(JK)he/kT
sora )

where the sum in the deneminator is aver ali levels in the vibration state which

have the same symmetry type as the particuls - rotational level in question.

Figure 8 shows such relative rotational distributions calculated for
the s and a populations of N, A (v = 0) at 80°K, based on the Dieke and Heath
level locations sketched in Figure 4. Reduction of vibrational exchange probabilities
constitutes one reason for choosing 80°K as a possible operating temperature of
interest for the transiormer gas volume. It will be noted thai most of the

molecules are in levels below about K = 10 under these conditions.

In a 32 state, collisions can quite readily alter both J and K for a
molecule in any level, so that all the !ypes of s levels, for example, must

be lumped together in calculating the distrihution of s molecules. Nevertheless,
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the s distribution curve has three distinguishable branches at low rotations.
These contain levels with J = K- 1, J= K, or J= K+1, respectively, which
differ because the spin triplets are levels of almost equal energy but
considerably different (2J + 1), in the low rotationre¢;.on. Any transient
approach to equilibrium should occur simultaneously in all three branches,
undcr most conventional experimental conditions. The disiribution of a

molecules behaves in similar fashion.

Figure 9 shows corresponding relative rotational population distribution
curves for Boltzmann equilibrium at 80°K in N, B(v=0). Again, zall the
levels of 8 symmetry are to be considered as one group in calculating
a true Boltzmann equilibrium distribution of whatever s molecules are present
in this vi-rational level. A similar calculation of the equilibrium distribution
of a molecules over the rotational levels having a symmetry produces a sét

of curves which canuot be distinguished from the s curves on the scale of

Figure 6, since the A-doubling is very slight.

As before, each of the distributions has three branches in the low
rotation region, because levels of different (2J + 1) fall at similar energies.
However, these three branches for low rotations have an additional importance
in the case of the 3II state. Although there are no experimental data specifically
for nitrogen, it seems probable that collisions cannot as readily move a
iow rotation nitrogen molecule from leveis of 3110 into levels of 3111, for

example, as they do into other levels of 3HO' Thus, 1n an analogous case of
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NO-He collisions at 300°K, Broida and Carrington (1963) observe.. that

collisions shifting an NO molecule between 211% and 2Il evels only 0. 02

13
cm-1 apart occurred an order of magnitude less frequently than collisions
which shifted the molecule between rotation levels of ZII%which were as

much as 50 cm-1 apart. This means that in any transient situation,

collisions will move the molecules up and down the three columns of levels

in the low rotation region of Figure 5 considerably more readily than they will

move them from one coivmi to another. Whenever enough time has elapsed

for a stationary Boltzmann equilibrium among molecules of a given symmetry

to be reached, the curves of Figure 9 will apply.

4.2 Equilibrium Excitation for Zero-Gain at Each (0, 0) Line Wavelength

i required for zero-
gain at Boltzmann rotational € quilibrium in the lines of the (0, 0) band at

We now calculate fractional excitations [Z

80°K. The definition of Z0 must differ slightly from the one used with the
CN molecule, because of the additional symmetry characters attached to the

N2 levels.

We define ) [ZO }Sofor any chocen transition between a pair of s
levels in the band az that fraction of the total number of s molecules in
N, A(v = C) plus Ny B(v = 0) which must he in Ny B(v = 0), with Boltzmann
rotational equilibrium present in both upper and lower vibration states, in
order that zero- gain occur for a beam of light sent through the gas at the

wavelength of the chosen transition.
31
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Likewise, [Zo ]‘is defined for a transition between a pair of a
levels as that f?actio: %f the total number ¢l a molecules in the two
vibration states which must be excited to the upper vikbration state for a
similar result. As already mentioned, in every branch of the band those
spectrum lines labelled with an odd number ir parentheses will involve

only the s molecules, while those labelled with even K will involve only

a molecules.

As is evident fromthe derivation given in Report GPL A-31-1, a
oeneral formula for the Z0 of any line in the (0, 0) band may be written
as

7 - NpoWaKp) 8 )
L O]so npcUaRy) 8UR) + npTRK) 8]

&0
where nAO(JAKA) = the fraction of the molecules of appropriate symmetry
type in vibration state (v = 0) of NZ-A, which will be
in the lower ievel of the ~hosen transition when
Boltzmann rotational equilibrium at 80°K is present
(illustratedin Figure 8),
nBO(J BKB) =  the fraction of the molecules of this symmetry type in
vibration state (v = 0) of Ny B, which will reside in
the upper level of the chosen transition in similar

equilibrium (illustrated in Figure 9),

32
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g(JA) = (2J + 1) for the lowei level of the transition, and
g(JB) = (2J + 1) for the upper level.
As a sample calculation, the vibrational excitation fraction required

for zero-gain in the P12(1) line with rotational equilibrium at 80°K is

- 4.944% x 3 SR
S[Pm(l)zojao |y a s | - 0518 <52

This means that under the conditions assumed zero-gain occurs for the P12(1)

line, which lies near 10,5108, at about 52% excitation.

Figure 10 displaysb[zoz‘ values calculated in this manner for
80
s lines of all the branches in the (0,0) band. Still anothet set of 27 curves
could be constructed for the a lines of this band in an entirely analogous

fashion. Their pattern would not be noticeably differcnt from Figure 10.

An alternative way of calculaiingi:ZO _} for any line follows from
80
substituting the Boltzmann equation for the n's into the formula which defines

ZO' The result is

(l/s%) "g(J, ) g(dg): e—F(JAr\A)hc/kT _)

El/sg)-g(JA)-g(JB). e-?(\}A'riA)hc:/’kT] +[(l/s§)-g(JB).g(JA‘). & F(JBKB)hc/kTJ

80
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In this equation the £'s arc the “state sums' which appear in the denominator
of the Boltzmann formula for the n's, ¢ is the wavenumber of the spectrum
line for which Z0 is to be found, and 9 is the separation in wavenumbers
between the zeros of the two relative energy scales by which F(J BKB)

and F(J AK A) were separated — which equals the wavenumber of the 012

(1) spectrum line in N2- (B - A) bands. An analogous formula gives [ZO :]5"0'
with Ta0 equalling the wavenumber of the PI(O) line for NZ- (B - A),awhichdin

the case of the (0, 0) band is only 4. 50 cm_1 greater than 0o

It thus appears that Z_ is a monotonic function of wavelengthfor all

0
the lines of one symmetry class throughout a given electronic-vibration-
rotation band of a diatomic iiiolecule at a chosen temperature. Furthermore,

the form of the expression is such that ZO always decreases as one goes toward

longer wavelengths, regardless of the particular values of the diatomic molecule

constants or of thetemperature, within a given vibronic band.

In other words, pumping practically to transparency in any lines near the
shorter-wave side of any vibronic band of any diatomic molecule, and at the
samée time providing sufficiently numerous collisions to maintain approximately
Boltzmann rotational equilibrium throughout the band, should always produce

some degree of inversion in the lines near the longer-wave side of that band.
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However, the farther toward the shorter-wave side one chooses for pumping,
the more intense the pumping must be before inversion becomes appreciable.
This generality is one of the bases of the transformer laser concept

being explored in the present work.

Figure 11 shows the relation between LZ | and spectrum line

0
wavenamber for the (0, 0) band of Nz- (B - A), based on I values obtained

0

during the calculation of Boltzmann distributions. As Herzberg's book
shows, T~ kT/hcB for the levels of a simple rotator whenever T is
large or B is small; but with these more complicated levels of the nitrogen

molecule, analytic e:pressions for Z are not very useful.

An approximation to the corresponding relation between [ZO ]
80
and ¢ for the (1, 0) band of Nz- (B—A) is indicated by the percentages at the

bottom of Figure 7.

In summary, it appears that a repetitive pump-lase transformer
cycle could be set up iit any band of the nitrogen lst Pos. systemabsorbing
the pump light for which a strong population in the lower vibrational level could

be '"prepared’’, and maintained against population losses. In the next section

the basic assumption that losses from NZ- A will not be intolerable, as well as
the question of the actual NZ' A population density needed for useful transformer

action, will be discussed.
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5. EXCITED-STATE POPUILATION LIMITS ON NITROGEN TRANSFORMER PCWER

5.1 Population Needed For a Desired Power Density

At wavelengths near 1y it requires about 5 x 1018 quanta
to total an energy contcat of 1 joule. We define n as the total number of
molecules in a typical cm3 of gas near the output end of the transformer
medium which are resident in N2- A and N?.' B throughout a power pulse.
In se€ ion 19, 4 of report GPL A-31-1 there is described the manner
in which a fraction of such molecules will be carried repeatedly around a
four stage pump-lase cycle, under conditions of very intense pumping flux
and very intense lasing flux. From the appearance of Figure 23 in that
report, and of Figure 10 inthe present report, it is estimated that the
fraction of M which will be taken repeatedly around this cyclein e
nitrogen case will be somewhere around 1%, and that the time for a
molecule to traverse the cycle once will average about the time required
for this molecule to suffer 3 classical kinetic theory collisions in the ambient

vapor — under collision-limited transformer operation. If this vapor

is either all N2

1 0
and 80° K, a given N, molecule will experience about px1.2 x 10" coll/sec.

, or partly N2 and partly fe, at p atmospheres total pressure

On the abcve bases, the number of metastable molerules required
for the developracnt of ar energy of E joules:/cm3 in a bigh flux region
near the ovtput end of the transformer medium, during a power pulse of

t sec, will be given by the following approximate expression:
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_ 1
Nx107 xpt x1.2x100°
5 x 1010 3
11
7’2 = 1.3 ;’th E molecules in N2~A and
N2-Bper cm3.

One sample set of parameters E=1, t= 10'3, p = 1, would require

maintenance of about Ukt excited molecules/ cm3 throughout the pulse.
Other situations can be estimated trom the formula as desired. The pumping
and lasing flux density requir ements for yielding collision~limited conditions,

such that the above equation would apply, will be discussed at a later time.

It might be useful for future reference to state the relation between
7] and E in a generalized fashion for pumping and lasing in a given wave-
length region and at sufficient high fluxes to yield collision-limited

conditions:

’}2 ~[ (Nurmber of collisions per pump-lase cycle)
' {Pulse fer.gth)- (Molecular collision rate). (Fraction of
traversing the cycle).

Without continuing at present into the problems of "preparing' a very
high concentration of N2- A molecules, beyond those points already mentioned
in Section 2.2 let us now consider to what extent an initial concentration
of Ner can be mainiained against losses, throughout a power pulse of
appreciable length.
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5.2 Fluorescence Losses From Nz- A

A molecule in any of the first 6 vibrational levels of electronic
state N‘z- A, and in any rotational sub.. vel of these which would normally
have appreciable population at 80°K, can spontaneously radiate only to some
level of Nz' X of lesser energy. The spontaneous radiative lifetime of such
an N2- A molecule has been the subject of much investigation, and the
matter is not yet thoroughly settled. Values of TS pon of some milliseconds
have still been appearing in the literature quite recently, but Dr. N. P.
Carleton of Harvard in a telephone ccmmunication 1o the present writer
on October 28, 1965 said he thought it was probably about 12 seconds —
although arguments still existed which could possibly make 1

Spo
as small as 1 second. Dr. E.C. Zipf, Jr., of the University of Pittsburgh,

come out
n

in a telenhone communication to the writer on October 5, 1965 said that
he thought this radiative lifetime was greater than about 15 sec and might
be inthe neighborhood of 21 sec. In any case, attempts at exact measurement

have been beset with difficulties. N,.A molecules in higher vibrational

2
levels than (v = 6) could also radiaie, with relatively short lifetimes, to
N2- B. However, this would not remove them from the (B— A) pump-lase

cycle here being considered.

5.3 ImpurityQuenching of Nz- A

Of greater potential seriousness, and much greater complexity, is

the problem of the lifetime against collision-quenching of the electronic
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excitation for NZ' A molecules under various circumstances. In the first
piace, at least in an electric discharge through low pressure nitrogen, it is
found that extremely m 1ute traces of oxygen impurity will severely

quench N2°A. Probably the discharge makes some NO molecules, which
are known to have a very high cross section* for quenching N, A. Thus,

2
Miller {(1965) found ihat steady-state emission of the (A -X) bands was

very weak,and NO bands were verystreng, in his discharge tube using
reagent grade nitrogen with less than 4 ppm O2 impurity — unt:! he
further purified the gas with Zr-Ti getter and carried out a very vigorous
routine of pumping, baking, and long-term operating of the apparatus.
Dr. Zipf (loc. cit.) suggests that impurities must probably be less than 1
part in 107 if the steady-state N2'A content in a discharge tube is not to

suffer major depletion within about a millisecond after stopping the dis-

charge.

However, no attempt has yet been made to create important con-
centrations of N2- A purely by optical pumping, without any discharge
which could convert impurity oxygen intc NO. Perhaps the purity require-
ments would not be so extreme in this case, although the ability of the
unexcited oxygen molecule itself to quench N2- A has not yet been carefully

measured. Safrany (1964) did show that excited nitrogen molecules in the state

N2- A.do not enter into a chemical reaction with O2 to any major extent.

* Dr. Carleton said he has new quantitative data on this cross section
almost ready for publication.
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*
It 1s known that collisions with certain atomic impurities such as Hg, will
also strongly quench N2' A. However, added He would not be expected to

cause any important degree of quenching.

5.4 Elecironic-to-Vibrational Quenching of Nz- A

If we were dealing with strictly pure nitrogen gas, under non-
discharge conditions at room temperature or below and at pressures of at
least a few cm in apparatus of usual size, the most {requency coliision
partrner of any Nz- A molecule would be an Nz-X molecule in (v=0). If
the NZ'A was to be knocked down to N2~ X from one of its lower vibrational
states in such a collision, practically all of its electronic energy would have
to be converted into vibrational energy of the two resulting Nz- X mol>cules.
There has been a continuing debate in the literature as to whether any

evidence that this process has much probability can be deduced from discharge

tube experiments.

Perhaps something can be inferred from a related field. There is much
work which shows that vibration-to-translation energy transfer upon collision has
very low probability whenever a Av change much greater than unity within a
given electronic state is required, or at least whenever the energy to be trans-
ferred is large compared to kT/hc. Applying the Franck-Condon principle to
the potential curves shown in Figure 2, electronic-to-vibration quenching of
Ny’ A (v = 0) in a two-body collision would usually require Av to be about
13 for the original N2- X colliding partner. If the clectronic-to-vibration process

followed the same rules as vibration-to-translational relaxation, .then

i‘Janin (1946), for example.
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quenching of N, A by such collisions should be quite rare.

2
Considering electronic-to-vibration experiments, it has long veen

known that Na atoms in their first excited electronic level could have their

fluorescence — under non-discharge conditions — very strongly quenched

by collisions with N2- X moleculec. If most of the Na electronic energy went

into vibration it would produce Av = 7 in the nitrogen molecule. Thi; interpretation

was generally accepted as early as in the Mitchell and Zemansky (1934) book,

but attempts to prove it rigorously are still in process, as by Starr (1965).

However, in the Pringsheim (1949) book several such atomic-to-molecular cases

of electronic-to-vibrational energy transfer upon collision were considered

in more detail. Evidence was brought forward that cases of such large Av
probably arose only because the potential energy curves were kLigiily distoried
during the collision interval, in such a way as to indicate incipient chemical
reaction between the colliding partners. In collisions where there is no
tendency tuward chemical reaction, these large energy transfers should have
very low probability. However, we cannot be sure that N2- A - N2- X collisions
do not have » considerable tendency to form a transient Nz molecule before

re-separating — which is an incipient chemical reaction.

It appears that the probability of this type of loss from the Nz- A
population cannot be estimated directly from existing data. However, some
additional indirect evidence will be mentioned in the next section which points

to its probable unimportance under the assumed ‘a~«r transformer conditions.
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5.5 Metastable-Metastable Quenching of NZ- A

Another possible mechanism for loss of N2' A molecules during
a power pulse would only become important at very high concentrations of
excited molecules. But this is probably just the process which would place
a ceiling on those practical values of 7} and E which couid be attained in a

transformer laser application.

This is a collision of one NZ- A molecule with another NZ-A
molecule, or with an N2- B molecule, or with one in some other excited
state. Electronic cnergy could then simply be transferred from one of the
colliding partners to the other. An NZ' A molecule would drop to one of the
lower vibrational levels of NZ- X such as (v = 6) — the probability distribution
over these latter levels being governed by the Franck-Condon principle —
and the coiliding partner would use the released energy to climb to some
much higher electronic state than it occupied initially. Other variations
of this could occur. depending on the initial degree of excitation of the

colliding molecules. Losses from N,- B could also occur in this way as

2
well as losses from NZ- A, during a power pulse. Cases of such mostly
electronic-to-electronic energy transfers are already known to display

high probability in various molecular and atomic-molecular collisions.

Pringsheim (1949) summarized much information of this type.

44
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Apparently, the only experimental data on this mechanism have been

gathered recently by Zipf (1964), under somewhat complicated discharge

tube conditions. FEarlier workers had probably not been dealing with large

enough N,* A concentrations for the process to become observable. After

2
establishing steady-stare concentrations in his discharge volume, believed

to be about 101'1 N2-A/cm3, or slightly higher, Zipf stopped thLe discharge and

observed that the decay of the N, A population density during the next few

2
milliseconds of the afterglow period followed a secsnd-order rate equation. *

That is,

L2 J o N.ATR
& Ky [Ny 4 |

This was interpreted to mean that the Nz- A molecules were disappearing
as a result of (Nz' A - Nz- A) collisions, whose probability of occurrence at

any time would naturally be proportional to the square of the instantaneous

N2- A population density.

%k

The predominance of this second-order decay would argue that first-crder
decay of N,- A by electronic-to-vibration collision transfer is negligible
by comparison with the second-order process at 1011 N, A per cm® or more.

45




ey —— m— - —a—n — RS — [ i s vy o L -y —— -

———

GPL DIV'SIUN » AEROSPACE GROUP « GENERAL PRECISION, iNC.

Such a loss mechanism, which rapidly increases in importance as
the Nz' A population density is made higher, could b: ~xpected to set a

practical ceiling on achievable N, - A population density in many kinds of

2
situations. Neither Dr. Zipf nor Dr. Carleton have been able so far to
get above perhaps 1012 Nz- A molecules/ cm3 steady-state concentration,

in the discharges in their apparatuses. *

Integration of the second-order rate equation immediately shows
that the time for an N2- A population density to decay to one half its initial

value {Nz- A]o is given by

1
T = ~ . A
A-A k2 L-’2 A"o'

Using Dr. Zipf's latest value for the second-order rate constant,

ky = 3 x 10711 ¢md. (molecules)-l- sec-l, if one began a transformer laser

power pulse with 7] molecules/cm3 in N,* A plus N,

disappeared by this mechanism aiter

= 1011 s€ec
TA-A~ T3x7 '

* According to telephone communications previously noted.
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Tke sampie parameters ased for tlHustration in Section 5 1 would
lead to TAA 1/3 millisecond ¢ The needed N2~ A concentration would have
been largely lost duringthe power puise interval for these assumed parameters.
unless it was constantly being replenished by ~ontinuing the UV preparatory

flash throughout the power pulse.

There is no experimental evidence as to whether kz. and consequently
TA-A? Vary with the temperature of the gas Therefore, one cannot be sure
whether the situation would be any better at 80 K than under Dr. Zipf's discharge

conditions.

Another piece of evidence shouid be considered. Dunford, Milton and

Whalen (1964) have reported some phenomena in a discharge tube through a

mixture of nitrogen and ammonia, known to contain considerable oxygen

impurity, for which they suggest an interpretation that implies the initial

presence of 4.5 x 1014 NZ“A molecules’/¢ m3j with these decaying after the end of the

discharge with a halflife of 80 milliseconds. One immediately apparent way

to reconcile this finding with the 1/3 ms haif life just computed by extrapolating
Zipf's results to the initial concentration range of 1014 Nz- A per cm3, would

be to postulate some process in this very complicated discharge mixture

which continued to feed fresh molecules into the N, A long after the discharge

2

ceased — which is certainly plausible. In any event, these circumstances seem

tno complicated to be employable in a laser trausformer design.

* 1t should be noted that Zipf s experimental technique actually measures the
product of k, times the partial 75,,, for the (0. 6) band of the Np- (A-X) radiative
transition. The above value of kg is then calculated from other measurements of
the (0, 6) band strength. The measurements used by Zipf, together with a ratio of
the {0, 6) lifetime to the total Ny A jifetime calculated from theoretical Franck-
Condon factors, imply a value of the total v = 20 sec for Ng* A. If subsequent
work should ever return the total r_ oo 1© 1 ge(.u for No¢ A, as Dr. Carleton
mentioned was conceivable, the above k value should be increased by a factor of
20, and calculated values of 7, A wouldzbe decreased by a factor of 20.
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5.6 Losses from NZ« B

If the ambient gas pressure could be raised to 10 atm, the
required nwould be reduced by a factor of 10, TAA would be increased by
a factor of 10, and the unfavorable result of the last section would be
ameliorated — under the assumed conditions. If it should be undesirable
to have so much N2° X present, practically all of the mixture could be He.
Any kind of added entities which would increase the collision rate without

other bad effects would improve the ratio of needed 7Lto E.

However, it is uncertain how much total ambient pressure of
any mixture could be employed without increasing the importarce of losses
from N2
There are no adequate data available, for the reason that conditions have

- B. The one atmosphere assumed above might actually be too much.

not been set up hitherto which could be expected to lead to large concentrations

of Ny B. Nitrogen molecules in N,- B have 2 lifetime of only about 10usec

2
against spontan~ous radiation of the First Positive bands, thereby dropping
to Nz- A. Only under the very high-flux cycling conditions postulated for the
present transformer laser design would it be very practical to try to main-
tain a high concentration of N2° B over an appreciable volume for times c{

the order of a millisecond.

If the chosen pump-lase cycle is to involve only the (0, 0)
First Positive band, then the trouble to anticipate from high amuvient

pressures could arise from a high probability that any kind of collision
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would shift an Nz' B(v = 0) molecule over into the 3% state — with unknown
further fate. Of course, this problem would not be present if 3% actually

lies considerably above N, - B, instead of below as sketched in Figure 2. I

2
the cycle involves major population densities in (v = 4), or higher of NZ- B,
then transfer to . Au as well as to states B/, a’, a, and w might cause major

losses at high collision rates.

One might think that at high pressures all of these metastable states
could simply be saturated, during the 'preparation' period and the {irst few
usec of the power pulse, so that back-reactions would thercafter maintain a
steady NZ- B concentration. However, it couid happen in such a case that the
total metastable population would be so high that metastable-metastable collisions
would soon be carrving too many molecules above the dissociation limits.
Actual dissociation of the nitrogen molecules as a result of the optical pump-
ing could not be tolerated to any very great extent, since the heat of recombination

would deteriorate the opticnol quality of the medium.

Jeunehomme and Duncan (1964) measured the rate of fluorescent

decay of the 1st Pos. bands in the afterglow from a discharge as a function
of nitrogen pressure up to 6mm only. They observed a somewhat faste:
decay rate at the higher pressures. However, it is nct certain that this

was caused by losses from N2- B, rather than by some phenomenon involving
the higher levels excited by the discharge, which were possibly feeding

N,* B during the observation period.

2
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Noxon (1962) followed the decay of the lst Pos. baris in the after-

glow from a discharge at 1 atm nitrogen pressure. However, his results
only sufficed to demonstrate that collisional removal of Nz' Batlatm
pressure could not be more than four times faster than radiative decay frsin
this level, so they offer no information about the possikiiity of maintaining

a large N, * B population into the milliseco:d time range.

50
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6. CONCLUSIONS ON NITROGEN AS A TRANSFORMER MEDIUM WITH Nd
PUMPING

A complete bibliography of research parers on properties of the nitrogen
molecule would doubtless contain several thousand entries. Many more of these
papers have been studied during this contract period than are referenced in this
report. Yet despite all this work, information is still lacking on a considerable
number of the parameters which would be involved in the design of an ultra
high power transformer based on nitrogen gas, or nitrogen plus helium, pumped

by Nd glass lasers. Quite intricate research would be needed to fill this gap.

Transformer action based on metastable NZ- A molecules seems entirely

possible, but sufficient data are not available today to give cpiimism that the

transformer laser power density range of one or inore joules/ cm3 per pulse

will be attainable with good optical quality of the output beam.
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7. MONO".£R POPULATION LIMITS ON CYANOGEN TRANSFORMER POWER

7.1 Population Needed for a Desii 'd Power Density

Report GPL A-31-1 dealt chiefly with the possible use of diatomic
cyanogen monomer molecules plus helium gas as a transformer medium with
Nd glass laser pumping. Let us now apply tec this mediun the same type

of population limit analysis which was just carried out for N?- A,

Again, the total density of those CN molecules which are to be
resident in the upper and lower vibration states of a proposed pump-lase
cycle throughout the power pulse will be called]] . It was shown in the
previous report that about 1% of this number of molecules/ cm3 would
probably be travelling around the cycle under very high flux conditions,
and that the number of CN-He collisions needed per cycle for shifting
rotational populations might be about four. At 210°K, the classical kinetic
theory rate of He collisicns against a given CN- X molecule would be about

pxl.4x 1010 per sec, when the partial pressure of helium was p atmospheres.

This figure follows from using for CN the collision diameter D, = 4.4 x 1078
cm from Evenson, Dunn, and Broida (1964), together with the He value of
D, = 2.18 x 1078 cm, in the usual formula*
D +D, \2 \| 2R T(M + M,)
_ 1 2 M 1 i
619 = 2 ( o) ) nz\‘ M-I_MZ collisions/sec,
* See, for example, Kennard (1938).
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where n, is the number of heliur: molecules/ cm3in the gas , M1 and M2

are the molecular weights, T is the absolute temperature, and R,, is the

M
gas constant per mole, 83.15 ><106 cm-dynes/degree.

In the same fashion as for N2' A, these assumptions lead to the

relation
Nx102 xpt x1.4 %100 _ o
B X x4
11
- Lo ';)tlo e molecules/cm3

The same sample set of parameters as used with nitrogen, E=1, t = 10'3,
p = 1, would again require maintenarce of a little over 1014 CN molecules/ cm3

in the desired vibrational states throughout the power pulse, under collision-

limited cycle conditions.

In the next sections the most important processes will be considered
which might prevent maintenance of the necessary CN vibration state population
density throughout the pulse, under various pressure, power density, and

pulse length assvmptions.
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7.2 Types of Collision Processes Possible in the Cyanogen Medium

In the manner described in Report GPL A-31-1, the transformer
medium at the beginning of a pulse sequence would consist of somewhat more
than /2 molecules/ em® of (CN)2 in p atm of helium gas, when it was

desired to reach a maximum power pulse density of E joules/ cm®.

The mixture would be irradiated with a preparatory pulse of
light at about 20004 wavelength, which would convert as large a fraction as
possible of the (CN)2 molecules into pairs of CN molecules. After at most a
few ysec, the mixture would consist of largely He, CN* X, and (CN)Z-X
molecules — plus perhaps a very few molecules of (CN)3 and higher polymers
which had already begun to form as a result of collisions between the new CN

fiagmenis and any remaining (CN)2 molecules.

Let us assume that the power cycle will operate inthe (0, 0) band
of the CN- (A —X) system. Then a further flux in the preparatory pulse to
put CN- X molecules into higher vibrational levels will not be necessary.
All the CN* X will be taken as resident in (v = 0). In the first few usec of the
power pulse we might pump sufficiently hard in the (0, 0) band to convert

about half the CN* X (v = 0) molecules into CN- A (v = 0) molecules.
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The constitution of the mixture would then be:

He - probably more than 90%
CNX (v=0)
- each almost half the remainder
CN'A (v=0)
(CN)2°X (various v ) — as small an amount as practical

(CN)3 and higher — traces

Throughout the power pulse duration, these entities will be colliding
with each other, and the concentration of the various higher polymers will be
slightly increasing. Table 2 lists the major types of collision prccesses which
are possible, in principle. For very few of these processes are the rates known
quantitatively, but the most important ones can probably be identified with

reasonable confidence.

Cf the two-body processes, simple recombination is known to always
proceed rather slowly, although there appear to be no quantitative data avail-
able for CN-CN. That is, two CN- X or two CN- A molecules, or a CN* X plus
a CN- A, cannot make (CN)2 in a two-body collision with much probability,
because of the momentum conservation law. A third body is usually needed to

carry away the heat of recombinat »n as kiretic energy.
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Colliding Molecules Product Molecules
i 2 3 i 2 3
Two~B08% CoLLisioNS: CN-X HE ROTATION-SHIf L {NG ONLY
- CNe-A v
. CN-A CN°X{y w» Q)CN*X (nren|v)
. scngz §CN23
- CN CNj
CR*A HC J ROTATIOR~SHI{TINO.VERY RITTLE
QUENCH NG
» CN°*A CNeX CN*A (nish v)
» [ CN 2
. (CN)2 CN 3
O ON)3 (cN)g
CN 43 ?
Fcn 2 de ?
THREE=BOBY CoLLiSioNss eNeX Ne He ROTATION-SHRFTING OKL
CN<A » . ONeX He T HE
CN°X CN°X . (CN), a
4 CNOA L] L & L]
CN'A L] 1 ] » »
CNeX CN-X CN°X CN 2 Cx~X
L] L] [ l‘_" 3
L] » C"’A ‘*ll",‘ 2 CN’X
" " [ ] CN)3 .
U bt . CN°X CN X CNeX
. CNeA CN°A CN) CNeA
| " * » CN.X
] [ ] ] CN)
’ . " CNeR LOUNeX L onea
. * - CN-X CN°X CN<X
CN°A CN*A CN°A CN) Ch*A
- L] - '2 CN.X
» » ] CN)
- - . CNaX CN.A CN°A
. . » CN-X CNeX CN°A
. . . CheX CNeX CNeX
CN X CN X (oK), gcuga CN
L] » ] CN p
ETCe
ETCe
ETCe

Table 2. Collision Processes in the Cyanogen Medium.
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The two-baody process having the tighest probability per collision
will probably be the polymerization to (CN,!3 which occurs when CN- X or
CN- A hits one of the remaining dimers (CN)z., The only way apparent so far
to keep this from leading to excessive loss of CN is to make the preparatory
UV flash so powerful that it will dissociate almosi all the original dimer,
leaving very few (CN)2 molecules present at the start of the power pulse. )
This arrangement was consideredinthe previous report, and the extentto

which it can probably be accomplished will not be discussed further here.

Any CN-X - CN- A collisions which electronically quenched CN- A,
a process of appreciabie probability because incipient chemical combination
might perturb the potential curves, as discussed inthenitrogen case, would
slightly reduce the transformer efficiency vy throwing away one Nd pump
ocuantum for each such nquenching. However, this would not actually con-

stitute a loss of available CN molecules during the power pulse.

Although in many circumstances three-body collisions are usually

assumed to accur with only about one thousandth the frequency of two-body
collisions, one of the three-body processes listed actually seems likely to

prove the determining factor in the use of CN as a transformer madium.

Of course, the most prevalent three-body collision in the mixture
will be two He against a CN, either CN- X or CN-A. However, these should

not have much deleterious effect. The important case is the next most

*However, it appears possible that further quantitative analysis of the
collision process rates might considerably reduce the stringency of this

requirement.
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probable one — two CN's against one He — which is a somewhat powerful
process for polymerizing the CN's to (CN)2. The effect of the He is mostly
not a chemical one; it merely provides a second body emerging from the
collision, so that the momentum conservation law will now permit conversion
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